Benzoxazines are a class of phenolic compounds extensively studied in polymer science because of their properties as fiber reinforcements, fire-retardants and curing agents. In this article is described a solvent-less process, based on a Mannich reaction involving a primary amine and an aldehyde, for the preparation of new benzoxazines deriving from cardanol (a well known phenol obtained as a renewable organic resource and harmful by-product of the cashew industry). Particular attention is given to the synthesis and chemical characterization (both by 1 H NMR spectroscopy and HPLC), while the thermal polymerization process has been monitored by differential scanning calorimetry.
Synthetic phenolic resins, obtained, for instance from the condensation of phenol, or substituted phenols, with aldehydes such as formaldehyde, acid aldehyde, or furfural, have enjoyed widespread use for many years [1] . These particular types of resin are resistant to moisture, solvents, heat, are dimensionally stable and have good electrical resistance; in addition they are non-combustible and possess good sound and noise absorbing characteristics. All these properties encourage their use, for example, in fabricating molded and cast articles, in bonding powders, for ion exchange purposes, in laminating and impregnating operations, in manufacturing composites and electrical components. However, despite all these features and their large use, these materials present several drawbacks related, for example, to the use of undesirable strong acid or basic catalysts and the condensation by-products respectively used and formed during the polymerization process.
As a consequence of these observations, particular attention has recently been devoted to the research of valid alternatives, leading to the development of a large number of examples of resins deriving from monomeric benzoxazine compounds, bicyclic heterocycles extensively studied since the early 1940s and generated by the Mannich-like condensation of a phenol, formaldehyde (or its analogues) and a primary amine [2] .
Even if benzoxazine chemistry is well-known and offers many advantages (the use of strong acid catalysts is avoided and polymerization is accomplished by ring-opening reaction without byproducts formation), only recently polybenzoxazines with enhanced structural properties have been successfully synthesized, alone [3] or formulated with suitable additives [4] . These particular kinds of polymers possess a relatively long shelf-life, offer considerable molecular design flexibility, and have comparatively low viscosities, combining the thermal properties and flame retardancy of phenolics and the mechanical performance and molecular design flexibility of advanced composites [5] . As a consequence, these materials have been extensively studied to enhance both mechanical and thermal properties of other polymers to be used as alternatives to conventional phenolic and epoxy resins [6] .
The present paper describes a general approach for the synthesis of some new benzoxazines, starting from a natural resource such as cardanol. Cardanol is an industrial grade yellow oil obtained, as the main component, by vacuum distillation of "cashew nut shell liquid" (CNSL), that is extracted from cashew (Anacardium occidentale) or from Gingko biloba. This phenolic structure, characterized by the presence of a 15-C alkylic side chain in the meta position, with a number of unsaturations variable from 0 to 3 ( Figure 1 ), has been studied extensively for its properties and its possible applications in different fields, from industrial [7] to pharmaceutical ones [8] . Even if this molecule is well-known, renewable and low-cost (but with problems connected with its handling, considering that it is an industrial waste and main pollutant from the cashew nut industry), there is only one example reported in the literature that describes the synthesis of a cardanol-based benzoxazine and its potential application as a fiber reinforcement [9] . It is thus interesting to enlarge the number of benzoxazines based on cardanol, either as a mixture of isomers or as a single component (saturated) in order to compare the behaviour depending on the nature of the flanking chain, develop a solvent-less process, reduce the reaction time, avoid the use of potential pollutants (for example, dioxane, toluene, chloroform), minimize the toxicity risks and the installation of solvent recovery systems, and so providing a strategy that minimizes the environmental impact of both new materials and processes.
The novel cardanol based benzoxazines here described and used as monomeric starting material for the subsequent polymerization were prepared by a Mannich-condensation reaction of the phenol with paraformaldehyde, in the presence of different primary amines, as shown in Scheme 1.
The primary amines used (ammonia, benzylamine, octadecylamine, 3-amino-propyl-triethoxysilane) were chosen in order to demonstrate that the approach used has virtually no limitations and to investigate the relation between thermal behavior and structure (for example, as in the case of 3-aminopropyl-triethoxysilane or AMEO, a terminal reactive group was introduced to allow the use of the corresponding benzoxazine as a potential glass-fiber reinforcement) [10] . Paraformaldehyde was chosen because it is generally more stable than formaldehyde aqueous solutions and is easier to manipulate.
Cardanol is a raw material of natural origin, and so characterized by a wide variability in terms of composition and purity. In order to choose the best experimental conditions, before starting the study the percentage of each component was determined by high performance liquid chromatography (HPLC), using a reverse phase column and eluting the sample isocratically with an 85:15 methanol/water mixture; the structure of each component was confirmed by 1 H NMR spectroscopy. Using this specific set of conditions, the chromatogram is well-defined, with the four isomers characterized by different retention times (triene: 19 min; diene: 27 min; monoene: 41 min; saturated cardanol: 73 min). On the basis of the data collected, and in particular of the degree of purity determined, cardanol was eventually purified carrying out a distillation under reduced pressure and collecting the starting material at 215-220 o C at 4-5 mm Hg, as a yellow oil that was immediately either used or stocked avoiding exposure to light.
In order to reduce possible limitations due to the presence of unsaturation on the flanking chains, in particular, thinking of the possible future applications of these structures as additives for varnishes or resins (possible chromatic changes due to UV light reactivity), together with the variability in the composition of cardanol, and to investigate the influence of the flexibility of the alkyl chain on the transition glass temperature (T g ), the mixture of cardanol isomers was catalytically hydrogenated, generating hydrogen in situ by the use of ammonium formate in an alcoholic solvent (methanol) at room temperature and pressure with Pd/C 10% as catalyst. The hydrogenated product was characterized by RP-HPLC and 1 H NMR spectroscopy and used either alone or as mixtures of isomers, for the synthesis of benzoxazines.
In a typical procedure, cardanol and a primary amine were charged into a 100 mL, 3-necked round bottom flask equipped with a thermometer and a Dean-Stark apparatus connected to a condenser, then paraformaldehyde was added portion-wise, keeping the temperature around 85 o C. The system was stirred for 3 h, then the temperature was raised to 120 o C to remove the water generated from the condensation reaction (according to the amount of water collected in the Dean-Stark apparatus, the reaction was judged complete or not). Benzoxazines were recovered in high yields and purity, as confirmed by 1 H NMR spectroscopic analysis, both for the ones deriving from hydrogenated cardanol or from its mixture of isomers.
The proton spectrum, with the three typical singlets centered respectively near δ 4.89, 4.01 and 3.95 ppm, due to the hydrogen atoms of the three nitrogen bonded methylene groups, was consistent with the proposed benzoxazinic structure, while the double bonds were not altered during the synthesis. The reaction is not affected by the presence of unsaturation on the flanking chain, and the benzoxazines as mixtures of isomers contain the different isomers with the same proportions of the starting cardanol.
The following step was the evaluation of the polymerization process by ring opening of the monomer to obtain polybenzoxazines starting from the synthesized benzoxazines. In particular, even if catalytic polymerizations are well known in the literature [11] , in this preliminary study only the thermal approach was investigated [12] .
A typical polymerization was performed heating each monomer in a Differential Scanning Calorimeter (DSC) at 10 o C min -1 in a nitrogen atmosphere from 25 o C to 300 o C, carrying out two different scans, the first to determine both the onset of the reaction (and so at which temperature the polymerization starts) and the heat generated by the reaction, and the second to measure, when possible, the transition glass temperature (T g ) of the resulting polymer, a parameter that gives useful information on the physical properties of the resulting structure ( Figure 2 ).
During the first heating, for example in the case of benzoxazines derived from saturated cardanol, which are solid, two well defined peaks are observed: the first, endotherm, corresponds to the melting of the monomer, the second, exotherm, indicates that the polymerization reaction has occurred.
The second heating is generally performed, as previously explained, to measure the T g , but, in many cases (Table 1) , it was difficult to be determined; this is due to the presence of side-reactions, such as crosslinking or structural relaxation of the flanking chains.
Beside the thermal characterization, the resulting polymerized cardanol derivatives were characterized by IR spectroscopy, while the 1 H NMR spectroscopic analysis was rather difficult, due to the reduced species [13] . The IR spectrum of a polymerized benzoxazine is characterized by the presence of a broad peak at about 3200 cm -1 due to stretching of free OH groups, many of which are in the polymer chain after the thermal ring-opening.
A few other differences can be noticed both in the region between 1240 and 1360 cm -1 , due to changes in CH 2 wagging mode, and from 1620 to 1700 cm -1 ; this can be due to the formation of imine and carbonyl groups during the thermal cure, while the small differences in the peaks from 650 to 800 cm -1 are attributable to additional substitutions on the benzene rings during polymerization.
Anyway, considering that the behavior of these structures is comparable to similar ones obtained from petroleum resources, both the thermal and the mechanical are currently under investigation in order to better understand the properties of these structures.
In this paper, a set of new benzoxazines (Bz) was synthesized from cardanol, a phenolic structure obtained as a harmful by-product of the cashew industry. The synthetic approach herein described represents a versatile eco-friendly process, considering not only that it is a solvent-less general protocol for the synthesis of high-purity benzoxazines with different flanking groups, but also that it employs a raw material deriving from a cheap natural renewable organic resource, a possible alternative to similar molecules based on petroleum.
These structures may represent a useful, low cost chemical tool that can be applied as fiber reinforcements (both glass fiber or natural ones) or as reticulating agents for epoxy resins, affording sequentially polymerized copolymer networks with both enhanced mechanical properties and thermal stability.
Experimental

Materials and methods:
Cardanol was kindly supplied by Oltremare Spa (Bologna, Italy). The concentrated aqueous solution of ammonia (30% w/w), ammonium formate, palladium on carbon 10 wt. %, benzylamine, octadecylamine, 3aminopropyltriethoxy silane (AMEO), and paraformaldehyde ≥ 95% were purchased from Sigma-Aldrich Chemical Co. and used as received. Silica Gel 60 (Merck) (230-240 Mesh) and TLC plates covered with Silica-Gel 60F-254 (Merck), with a 0.25 mm thickness and developed with an acidic KMnO 4 aqueous solution or with iodine vapors, were used for flash chromatography to obtain analytically pure samples, and TLC analysis, to monitor the reactions, respectively.
Measurements: 1 H NMR spectra were recorded on Varian and Bruker 500 spectrometers with proton frequency of 500 MHz and with deuterated chloroform as solvent. The FT-IR spectra were collected on a Perkin Elmer Spectrum One spectrophotometer, using KBr disks. A Perkin Elmer DSC-7 Differential Scanning Calorimeter (DSC) was employed, in order to measure the melting point of solid benzoxazines, monitor the polymerization reactions of benzoxazines and to measure the polymer glass transition temperature (T g ). Each dynamic scan was performed by heating a sample at 10 o C min -1 under nitrogen purge at a constant flow rate of 20 mL min -1 . The glass transition temperature was obtained by rerunning the experiment twice using the same conditions, as above, to ensure a complete curing reaction. In this experiment, the temperature at half extrapolated tangents of the step transition midpoint was used as the glass transition temperature.
HPLC characterization: HPLC analysis was performed on a modular HPLC instrument comprising two reciprocating pumps, a variablewavelength detector, and a 20 μL loop. A Zorbax Eclipse XDB-C18 (4.6 x 150 mm, particle size 5 μm) column was used; the mobile phase was methanol/water (85:15), at a flow rate of 1.0 mL/min. Absorbance was monitored at 280 nm; each analysis was carried out by dissolving 1.1 mg of sample in 10 mL of methanol, obtaining, as an example, the results reported below ( Table 2) .
Preparation of 3-pentadecylphenol (1)
OH Freshly distilled (collected by high vacuum distillation at 22 o C at 2 mmHg) cardanol (50 g, 0.17 mol), as a mixture of its four components (saturated, mono-,di-, triene), as confirmed by HPLC analysis, was placed in a three-necked round bottom flask, and dissolved in methanol (30 mL). To this was added ammonium formate (62 g, 0.98 mol); vacuum was then applied to the system in order to remove any traces of air and then flushed with nitrogen for 2 mins. Pd/C 10% wet (10% by weight with respect to the substrate) was then added under a nitrogen atmosphere and the system was left under stirring at room temperature for 6 h; the catalyst was removed by filtration through a short pad of Celite, the residue was diluted with dichloromethane, washed with water, brine, and dried over anhydrous sodium sulfate. Distillation of the solvent under reduced pressure afforded 48.6 g (94%) of a white solid that could be used without any further purification.
MP: 53-54 o C. 1 H NMR (δ-CDCl 3 ): 7.08 (t, 1H, Ar, J = 7.7 Hz), 6.80 (d, 1H, Ar, J = 7.5 Hz), 6.65 (m, 2H, Ar),4.22 (brs, 1H, OH), 2.57 (t, 2H, CH 2 , J = 7.5, 15.1 Hz), 1.61 (m, 2H, CH 2 ), 1.21-1.36 (m, 28H, CH 2 ), 0.95 (t, 3H, CH 3 , J = 7.2 Hz).
General procedure for benzoxazine synthesis:
In a 100 mL, 3-necked round bottom flask equipped with a thermometer and a Dean-Stark apparatus connected to a condenser, cardanol, saturated or as a mixture of isomers (1 eq), was pre-heated at 60 o C and a primary amine (1 eq) was then charged. Paraformaldehyde (2 eq) was then added, keeping the temperature around 85 o C. The system was stirred for 4 h (following the reaction by TLC), then the temperature was raised to 120 o C to remove the water generated from the condensation reaction. The benzoxazine thus obtained can be used without any further purification.
Preparation
5-pentadecyl-2-((7-pentadecyl-2Hbenzo[e][1,3]oxazin-3(4H)-yl)methyl)phenol (2)
N O OH Following the general procedure described above, benzoxazine 2 was recovered as a white solid (19.35 g, 89%), starting from hydrogenated cardanol 1 (10 g, 0.033 mol), concentrated ammonia (2.13 mL, 0.0164 mol) and paraformaldehyde (2.95 g, 0.098 mol).
MP: 69 o C. 1 H NMR (δ-CDCl 3 ): 6.80-6.95 (m, 6H, Ar), 4.92 (s, 2H, -OCH 2 N-), 4.07 (s, 2H, ArCH 2 N-), 4.03 (s, 2H, ArCH 2 N), 2.58 (t, 2H, CH 2 , J = 7.5, 15.1 Hz), 1.62 (m, 2H, CH 2 ), 1.29-1.41 (m, 56H, CH 2 ), 0.94 (t, 3H, CH 3 ).
Preparation of 3,4-dihydro-3-octadecyl-7pentadecyl-2H-benzo[e][1,3]oxazine (3)
N O Following the general procedure, benzoxazine 3 was recovered as a white solid (16.56 g, 84%), starting from hydrogenated cardanol 1 (10 g, 0.033 mol), octadecylamine (8.85 g, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). MP: 63.2 o C. 1 H NMR (δ-CDCl 3 ): 6.91 (d, 1H, Ar, J = 7.4 Hz), 6.86 (d, 1H, Ar, J = 7.1 Hz), 6.69 (s, 1H, Ar), 4.95 (s, 2H, -OCH 2 N), 4.02 (s, 2H, ArCH 2 N-), 2.81 (s, 2H, ArCH 2 ), 2.59 (t, 2H, CH 2 N, J = 7.5, 15.1 Hz), 1.63 (m, 4H, CH 2 ), 1.40-1.22 (m, 58H, CH 2 ), 0.97 (t, 6H, CH 3 ).
Preparation of 3-benzyl-3,4-dihydro-7-pentadecyl-2H-benzo[e][1,3]oxazine (4)
N O
Following the general procedure, benzoxazine 4 was recovered as a yellowish solid (12.2 g, 85%) , starting from hydrogenated cardanol 1 (10 g, 0.033 mol), benzylamine (3.6 mL, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). Following the general procedure, benzoxazine 5 was recovered as a yellowish oil (14.62 g, 81%), starting from hydrogenated cardanol 1 (10 g, 0.033 mol), 3aminopropyl-triethoxysilane (7.72 mL, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). 1 R OH Following the general procedure described above, benzoxazine 6 was recovered as a brownish oil (19.74 g, 90%), starting from freshly distilled cardanol, as a mixture of isomers (10 g, 0.033 mol), concentrated ammonia (2.13 mL, 0.0164 mol) and paraformaldehyde (2.95 g, 0.098 mol). An analytically pure sample was obtained as a yellowish oil by flash chromatography on silica gel, using chloroform as eluant. 1 H NMR (δ-CDCl 3 ): 6.95-6.63 (Ar), 5.82 (-CH=CH 2 ), 5.45-5.37 (-CH=CH-), 5.02-5.0 (-CH=CH 2 ), 4.89 (s, -OCH 2 N-), 4.07 (s, ArCH 2 N-), 4.03 (s, ArCH 2 N-), 2.85 (m, CH 2 ), 2.59 (m, CH 2 ), 2.11 (CH 2 ), 1.65 (m, CH 2 ), 1.42-1.23 (m, CH 2 ), 0.96 (t, CH 3 ), Following the general procedure, benzoxazine 7 was recovered as a brownish liquid (17.05 g, 85%), starting from freshly distilled cardanol, as a mixture of isomers (10 g, 0.033 mol), octadecylamine (8.85 g, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). An analytically pure sample was obtained as a yellowish oil by flash chromatography on silica gel, using chloroform as eluant. 1 Following the general procedure, benzoxazine 4 was recovered as a yellowish solid (13.03 g, 91%), starting from freshly distilled cardanol, as a mixture of isomers (10 g, 0.033 mol), benzylamine (3.6 mL, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). 1 H NMR (δ-CDCl 3 ): 7.4 (m, Ar), 6.93 (d, Ar, J = 7.4 Hz), 6.81 (d, Ar, J = 7.1 Hz), 6.77 (s, Ar), 5.85 (m, -CH=CH 2 ), 5.45 (m, -CH=CH-), 5.17 (dd, -CH=CH 2 ), 4.95 (s, -OCH 2 N), 4.01 (s, ArCH 2 N-), 3.99 (s, ArCH 2 N-), 2.91 (aliphatic CH 2 protons), 2.64 (t, CH 2 Ar), 2.18-2.02 (aliphatic CH 2 protons), 1.63 (m, CH 2 ), 1.40-1.22 (m, CH 2 ), 0.94 (t, 3CH 3 ). 3,4-dihydro-7-((8E,11E)-pentadeca-8,11-dienyl)-2H-benzo[e][1,3]oxazine,  3-(3-(triethoxysilyl)  propyl)-3,4-dihydro-7-((8E,11E)-pentadeca-8,11,14-trienyl Following the general procedure, benzoxazine 5 was recovered as a dark oil (17.23 g, 92%), starting from hydrogenated cardanol (1) (10 g, 0.033 mol), 3-aminopropyl-triethoxysilane (7.72 mL, 0.033 mol) and paraformaldehyde (2.07 g, 0.065 mol). 1 H NMR (δ-CDCl 3 ): 6.95 (d, Ar, J = 7.3 Hz), 6.87 (d, Ar, J = 7.0 Hz), 6.63 (s, Ar), 5.85 (m, -CH=CH 2 ), 5.45 (m, -CH=CH-), 5.17 (dd, -CH=CH 2 ), 4.92 (s, -OCH 2 -), 4.04 (s, ArCH 2 N-), 3.87 (q, -OCH 2 CH 3 ), 2.90-2.70 (aliphatic CH 2 protons), 2.57 (t, -CH 2 N), 2.20-2.00 (aliphatic CH 2 protons), 1.78-1.4 (aliphatic CH 2 protons), 1.25 (t, -OCH 2 CH 3 ), 0.90-1.00 (CH 3 protons), 0.65 (t, -CH 2 Si).
Preparation
Preparation of the mixture 3-(3-(triethoxysilyl)propyl)-3,4-dihydro-7-pentadecyl-2H-benzo[e][1,3]oxazine, 3-(3-(triethoxysilyl) propyl)-3,4-dihydro-7-((E)-pentadec-8-enyl)-2Hbenzo[e][1,3]oxazine, 3-(3-(triethoxysilyl)propyl)-
